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Scanning-tunneling-microscopy study of Ge/GaAs(110). II. Coalescence and layer-by-layer growth
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Scanning tunneling microscopy has been used to study the postnucleation growth of Ge on GaAs(110)
at 420 C. In the deposition range from 1 to 10 monolayers (ML), there is lateral overlayer growth

through static coalescence with little change in the island height. For depositions above —10 ML, the

surface is completely covered by Ge and layer-by-layer growth is observed. Our results show that rough

surfaces with isotropic islands and smooth surfaces with elongated islands can be obtained by simply

varying the deposition rate or the growth temperature. Arsenic atom segregation is also observed, and

the surface reconstructions reflect the As concentration. We propose a surface structure model consist-

ing of As zigzag chains and As dimers.

INTRODUCTION

Heterojunctions between semiconductors are of great
importance in modern semiconductor technology and a
microscopic model of the formation is essential for a de-
tailed understanding of the heterostructure properties. '
The means by which individual islands form on a surface
and eventually develop into a complete film can have
significant impact on the structural quality of the junc-
tion. The Ge/GaAs(110) system is ideal for studies of
growth modes. The small lattice mismatch of 0.1% be-
tween Ge and GaAs enables epitaxial films to be grown
without significant strain. As a result, theoretical model-
ing of the growth is simplified since only the surface and
interfacial free energies need be included in energetic con-
siderations.

Ge/GaAs(110) has been studied extensively using tech-
niques such as Auger electron spectroscopy (AES), pho-
toemission spectroscopy, and low-energy electron
diffraction (LEED). Epitaxial growth of Ge on
GaAs(110) has been reported to occur over a wide tem-
perature range, 160-525'C. These studies have also
demonstrated clearly that As atoms segregate to the
growing Ge surface. The amount of segregated As has
been found to increase with increasing growth tempera-
ture.

While it is clear Ge forms ordered overlayers on
GaAs(110), the growth mode at various coverages are not
clear. Due to the almost perfect lattice match, LEED is
unable to distinguish the Ge and GaAs contributions
during the initial states of growth and definitive state-
ments cannot be made regarding the growth mode from
LEED. Likewise, complications arising from the segre-
gation of substrate atoms prevent conclusive
identification of the growth mode using AES and photo-
emission. While various reconstructions have been re-
ported for thick Ge films under different growth condi-
tions, '"' the surface structures and the relation among
the dift'erent reconstructions are still not known.

Scanning tunneling microscopy (STM) provides real
space information about the surface morphology, and the
Ge/GaAs(110) growth mode and subsequent growth
structure can be obtained with ease. In the preceding pa-

per, ' we showed that isotropic islands as large as -10
monolayers (ML) in height nucleate upon deposition of
Ge at 420'C. This paper focuses on the postnucleation
growth of Ge and GaAs(110). This growth consists of
two parts. The first involves static coalescence of the
crystalline Ge islands so that growth proceeds mainly in
the lateral dimensions. Such growth leads to networks of
Ge islands and, eventually, to complete coverage of the
GaAs(110) surface. For Ge deposition exceeding 10 ML,
the surface is that of Ge(110) and the growth becomes
that of Ge on Ge(110) with some segregated As atoms
from the substrate. The energetics at these higher cover-
ages favor layer-by-layer growth with anisotropic islands
elongated along [110]. We demonstrate that such
growth can be altered by either lowering the growth tem-
perature or by increasing the deposition rate. Either
change yields a rough surface with isotropic islands.
Postannealing of the as-grown surface demonstrates that
the smooth surface with elongated islands is thermo-
dynamically preferred. From our STM images, we have
identified building blocks for the various surface recon-
structions observed here and previously. ' ' A specific
surface structure model consisting of As zigzag chains
and As dimer chains is proposed.

EXPERIMENT

Our experiments were performed in an UHV chamber
containing a commercial STM (Ref. 11) and LEED op-
tics. The operating pressure was —5 X 10 " Torr.
Clean GaAs(110) surfaces were obtained by cleaving of
2X3X8 mm posts that were Zn doped at 3X10 cm
Heating of the surface was achieved by radiation from a
W filament behind the sample holder. The temperature
of the sample was monitored with an infrared pyrometer.
Ge was evaporated from W baskets and condensed on the
hot GaAs substrates. The amount of metal deposited, 0,
is expressed in units of monolayers which is defined as the
surface atom density of GaAs(110), 8.86 X 10' cm, and
corresponding to 2.01 A of Ge. Ge depositions less than
10 ML were achieved by timed exposures to the source
after a stable evaporation rate had been established. The
deposition rates and amounts for thicker films were deter-
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mined directly using a water-cooled quartz crystal thick-
ness monitor. The sample heater was shut off immediate-
ly following deposition, and the sample was cooled quick-
ly to room temperature for STM imaging. STM images
were acquired in the constant current mode with a typi-
cal tunneling current of 0.2 nA. Unless otherwise noted,
the STM images reproduced here are oriented so that the
[110]of the (110) surface runs from the upper-left to the
lower-right corner.

'F 'I

RESULTS AND DISCUSSION

Coalescence of Ge islands: 8 & 10 ML

Figures 1(a) and 1(b) show 1400X 1400 A STM scans
following depositions of 0.6 and 0.8 ML of Ge at 420'C.
Even at these low coverages, coalescence of Ge islands is
clearly evident as the island densities decrease with in-

creasing coverage and are lower than those produced at
lower coverages. ' By 2 ML deposition, cluster coales-
cence becomes the dominant growth mechanism. Figure
2(a) shows Ge islands that are captured in different stages
of coalescence and a closeup view is shown in Fig. 2(b)
(420X420 A ). The cluster labeled A is derived from
two clusters of different size. Cluster B represents an ad-
vanced stage of coalescence as the diameter of the neck
between the two small clusters approaches the diameter
of the original clusters. Cluster C shows the coalescence
of three distinct entities with two in their later stages of
coalescence having made contact with the third cluster.

The driving force for coalescence arises from the fact
that regions of high curvature, such as the neck, have a
higher surface free energy than regions of low curva-
ture. ' ' The result is a flow of atoms toward the neck
region from other parts of the aggregate. Kinetic factors,
such as how the clusters come in contact and how the
atoms are transferred to the neck, determine the nature
of a coalescence process.

Coalescence involving stationary clusters is referred to
as "static." Dynamic coalescence occurs when mobile
clusters meet. ' To examine the nature of Ge island
coalescence during deposition, we deposited 4 ML of Ge
at 420'C, imaged the resulting surface, and then annealed
it at 420'C for 30 min. Figures 3(a) and 3(b) show
1400X1400 A STM scans before and after annealing.
The absence of noticeable changes indicates that the Ge

0

FIG. 2. (a) 1400X1400A image obtained after 2 MLdeposi-
tion of Ge at 420'C. At this stage, coalescence events dominate

o 2
over island nucleation. (b) A closeup of (a) (420X420 A ) show-

ing the shapes of clusters that were captured at different stages
in the coalescence process.

clusters were not mobile at the growth temperature.
Hence coalescence is of static type.

At this 4-ML coverage, the islands were —10 ML in
height and island growth proceeded primarily in the la-
teral direction (coalescence). Figure 3(c) shows a closeup
of the overlayer structure. Islands that are not in the
process of coalescing, such as A, exhibit an isotropic
shape with a fiat top, as observed for lower deposition. '

For islands involved in coalescence, the tops of the initial
islands remain flat but the next region is lower in height.
For island B, the neck range is —1 ML lower. These ob-
servations demonstrate that flat island tops are thermo-
dynamically preferred.

QF

14.

FIG. 1. (a) and (b) 1400X 1400 A STM images showing the
surface morphology that results from the deposition of 0.6 and

0.8 ML of Ge at 420'C.

FIG. 3. (a) and (b) 1400X1400 A images following 4 ML Ge
deposition showing the as-grown structures at 420'C and those

obtained after annealing at 420'C for 30 min. The absence of
significant differences indicates that the clusters are not mobile

o 2
at this temperature. (c) 560X 560 A image of the surface show-

ing the shapes of coalescing Ge islands.
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Although coalescence is driven by thermodynamics,
atoms must be transported to the neck region from other
parts of the island, and it is important to examine the ki-
netics associated with the process. During coalescence,
the islands can retain their crystalline form and mass
transfer is accomplished via surface diffusion, involving
little overall island movement. The solid-solid coales-
cence is expected to be a slow process. In contrast,
liquid-liquid coalescence, as in the merging of water
droplets, involves both surface and bulk diffusion and
there is significant movement of the initial clusters. This
process can occur on a relatively short time scale so that
the equilibrium shape is always reached before the next
coalescence event starts. ' The observation of elongated
islands in Fig. 3 indicates that new coalescing events are
initiated before the previous coalescence is complete, con-
sistent with the slowness of solid-solid coalescence. In
such a case, the kinetics associated with Ge island coales-
cence involve diffusion of Ge atoms on Ge clusters, as
well as on the GaAs surface. The observation of elongat-
ed islands provides further evidence that the Ge clusters
are not mobile at the growth temperature.

Figure 4(a) is a 1400X1400 A image for 4 ML
Ge/GaAs(110), as in Fig. 3(a), but after annealing at
585'C for 20 min. The most obvious difference is that
the islands have become very large. For example, island
A is —1000 A by -250 A and its height is —11 ML.
Unfortunately, the surface was very difficult to image be-
cause of the large island height and there is obvious dou-
ble tip effect. Nevertheless, Fig. 4(a) clearly shows that
the tops of the islands are flat and smooth. Since there
had been no addition of Ge, the islands probably grew
through dynamic coalescence involving the collision of
mobile clusters. Even though the clusters were mobile at
585'C, the fact that elongated islands are observed sug-
gests that the islands remain solid during (solid-solid)
coalescence.

Figure 4(b) shows a STM image taken from the same
surface as in Fig. 4(a) but with multiple tips. The multi-
ple tip effect is evident as many islands appear to be su-

perimposed. Due to multiple tips, many more islands
were sampled than were evident in the same size scan of

Fig. 4(a). In this image, the islands show flat tops with
many linear chains along [110]. (These linear chains are
probably a result of substrate atom segregation to the
surface, as discussed below. ) The island edges appear to
be very sharp, demonstrating that the island structure is
driven by thermodynamic forces that favor exposure of
specific faces, such as (110). Figure 4(b) shows many
small isotropic islands in addition to the large elongated
islands of Fig. 4(a). The small islands reflect the coales-
cence of islands that were close to each other while the
elongated large islands were produced by a sequence of
coalescent events involving a large number of clusters ex-
tended over long distances on the substrate. Elongated
islands persist because it is more difficult for given kinet-
ics to transfer the mass necessary to approach the equilib-
rium configuration, i.e., to produce an isotropic structure
for this large island.

Energetically, a system energy versus island dimension
curve can be constructed to show that the driving force
to adjust the lateral dimension toward equilibrium de-
creases as the volume of the island increases, as in the
preceding paper. ' Hence the approach to the isotropic
shape for large islands is expected to be a slow process
both kinetically and energetically. We note that in situ
scanning-electron-microscopy (SEM) observations for Au
deposition on graphite have shown that the coalescence
of Au clusters produces elongated aggregates upon an-
nealing at 50'C for several minutes while isotropic clus-
ters were obtained only after annealing at 450'C for 100

16

In the discussion of 0.2 ML Ge/GaAs(110) in paper I,
we showed that atomic steps act as preferred nucleation
sites. ' Such surface defects continue to play a significant
role during coalescence because of the larger density of
clusters at step edges. The mosaic image of Fig. 5 was
obtained in a stepped region following the deposition of 4
ML of Ge at 420'C. This image was obtained near where
Fig. 3(a) was produced. Each image making up the mosa-
ic is 1400X 1400 A . Two lines decorated with Ge islands
extend across the image and a section of a third is also
visible. Coalescence at this growth temperature (420'C)
is static and it depends on the local cluster density and

0 2FIG. 4. (a) 1400X 1400 A image obtained after the deposi-
tion of 4 ML Ge at 420 C but then annealed at 585'C for 20

0 2
min. (b) 1400X 1400 A image of the same surface as (a) show-
ing flat island tops with linear chains along [110] (from upper
left to lower right) but also pronounced ghosts due to multiple
tip effects.

FIG. 5. A mosaic of images taken after 4 ML Ge deposition
at 420 C showing preferential island coalescence along step
edges.
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the addition of adatoms. Thus, it is not surprising to see
that island growth at 4 ML of Ge proceeds preferentially
along step edges. A depletion zone can also be seen on
both sides of the steps.

An increase in the nominal Ge coverage to 7 ML re-
sulted in a networklike structure rather than the equilib-
rium shape because of the slow process associated with
static solid-solid coalescence. The initiation of new

coalescing events before the completion of previous
events yields the network structure and growth. This
coverage range involves movement in the lateral dimen-
sion. The formation of the network structure also creates
a thermodynamic demand for the filling of holes in the
network as they represent regions with high curvature.
The flow of atoms into those holes further limits growth
in the vertical direction. This explains the observation
that the Ge islands remain —10 ML in height
throughout the coalescing process for 1 ( L9 & 10 ML.

Layer-by-layer growth and kinetic efFects: 8 ~ 20

For coverages greater than —10 ML, the GaAs(110)
substrate is completely covered by the Ge and growth
represents Ge on Ge(110). Figure 6(a) shows a STM im-

age taken after deposition of 20 ML at a rate of 0.9
ML/min at 420'C where layer-by-layer growth is evi-

dent. ' ' The surface consists mainly of two Ge layers

~ ~ g~+B I I ~

with the lower layer being nearly complete and the upper
layer consisting of anisotropic islands of 2 A height with
elongation along [110]. In contrast to isotropic clusters
observed at lower coverages, the islands associated with
this layer-by-layer growth are highly anisotropic. The
smoothness of the surface reflects the fact that the Ge
surface diffusion is sufficiently fast at this growth temper-
ature and the arrival rate of adatoms is relatively slow so
that the morphology approximates the equilibrium
configuration.

Since growth can be driven away from the thermo-
dynamically preferred form by kinetics, we investigated
the effects of increased deposition rate and decreased
growth temperature on the surface morphology. Figure
6(b) (1400X 1400 A ) shows a 20-ML Ge film grown by
relatively fast deposition of 10 ML/min, resulting in a
rough surface where 4—5 Ge layers are exposed. The is-

land shape associated with this rough surface is isotropic,
in contrast to the slow deposition condition where the is-
lands are elongated. Figure 6(c) shows a 700X700 A
STM image following deposition of 20 ML at 350'C at 1

ML/min. Again, a rough surface with isotropic islands is
observed. Hence the surface roughness and island shape
can be modified by changing the growth condition and,
therefore, the kinetics. Furthermore, there is a clear
correlation between surface roughness and island shape.
Despite these changes, the surface reconstructions
remain unchanged, as shown below, ensuring that the
morphological differences are due to kinetic effects.

To explain the correlation between surface roughness
and island shape anisotropy, we first examine growth on
a vicinal surface. Under conditions of high growth tem-
peratures and slow deposition rates, adatoms that im-

pinge on a terrace can diffuse until being incorporated at
step edges, as depicted in Fig. 7(a). This step fiow mode
produces highly anisotropic growth but with little in-

crease in surface roughness. In contrast, under condi-
tions of high deposition rates, adatoms can nucleate is-
lands on the terrace without reaching step edges, as
sketched in Fig. 7(b). In this case, the surface roughness

(a)

Anisotropic Growth, Smooth

FIG. 6. (a) A mosaic of images for 20 ML Ge deposited at a
rate of 0.9 ML/min showing layer-by-layer growth with aniso-

0

tropic islands. (b) 1400X 1400 A image for 20 ML deposition
at a rate of 10 ML/min and a temperature of 420 C. These con-
ditions produce a rough surface with isotropic islands. (c)02.
700X700 A image for 20 ML deposition at a rate of 1 ML/min
at 350'C. Comparison to (b) shows the same rough surface with

isotropic islands, but much worse surface ordering.

Isotropic Growth, Rough

FIG. 7. Schematics showing anisotropic growth that results

in a smooth surface (a) and isotropic growth resulting in a rough
surface (b).
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will increase as the growth proceeds and growth will be
more isotropic. Hence surface roughness and growth an-
isotropy are closely correlated for growth on vicinal sur-
faces.

For Ge/GaAs(100), our results show that [001] island
edges grow much faster than [110]edges for slow deposi-
tion rates. If this growth anisotropy is a consequence of
diff'usion being much faster along [110] than [001], then
an adatom impinging on an island will be more likely to
move along [110]until it reaches the [001]edge. The re-
sult will be a smooth surface with islands elongated along
[110],as observed in Fig. 6(a). With increased deposition
rates, the adatoms are likely to form new islands on top
of existing islands before reaching [001]edges. Hence the
effects of anisotropy in diffusion are suppressed and the
surface will be more isotropic than one produced under
conditions of slow deposition. The effect of decreasing
the growth temperature would be an overall reduction in
adatom diffusion so that lower growth temperatures
would be equivalent to faster deposition. Thus the lower
temperature has a similar effect as fast deposition in
terms of roughness and isotropy, consistent with mor-
phology shown in Fig. 6(c). Similar arguments can be
made by assuming that the kinetic anisotropy arises from
differences in the sticking probabilities for adatoms at
[001]and [110]island edges.

The correlation between surface roughness and island
shape anisotropy is important in understanding the role
of kinetics. Recent theoretical studies of kinetic growth
have also suggested such correlation. ' A detailed dis-
cussion of such correlation and comparison of the experi-
mental results to the kinetics roughening theory has been
presented in a previous publication.

From Fig. 6(c), it is clear that the surface ordering is
much worse for growth at 350'C than at 420'C [Fig.
6(b)], consistent with differences in Ge mobility. Chen,
Bolmont, and Sebenne have reported epitaxial growth of
Ge/GaAs(110) at temperatures as low as 160'C based on
the observation of a LEED pattern. Our attempts to
grow Ge at 350'C or lower always resulted in a film with
poor quality, as in Fig. 6(c), even though a LEED pattern
was observed. From the surface morphology shown in
Fig. 6(c), we conclude that the films grown at low temper-
ature are of poor crystal quality.

20-ML Ge/GaAs(110): Effects of annealing

As we have shown, growth structures are often driven
far away from the equilibrium structure by kinetics. An-
nealing should enhance the relaxation toward the equilib-
rium configuration. Figure 8(a) shows the same surface
as in Fig. 6(b) after annealing at the growth temperature
of 420 C for 60 min. Clearly, this surface is much
smoother, the islands are much larger, and there is no
large anisotropy in island shapes. Further annealing at
525 C for 60 min resulted in a surface that was very
smooth, consisting of only two layers [Fig. 8(b)]. Com-
paring Figs. 8(a) and 8(b) shows that the islands of the top
layer have coalesced, forming a networklike structure.
Although the islands are now anisotropic, the degree of
anisotropy is not as great as for the surface grown under

FIG. 8. (a) A mosaic of images taken after annealing the sur-
face shown in Fig. 6(b) at 420'C for 60 min that demonstrates
that the surface becomes much smoother but also that the is-
lands remain isotropic. (b) A mosaic of images obtained follow-
ing additional annealing at 525'C for 60 min that demonstrates
the production of a smooth surface with anisotropic islands.

slow deposition conditions [Fig. 6(a)]. Similar diff'erences
between growth shapes and equilibrium shapes have also
been reported for Si growth on Si(001) where the growth
shape has a larger anisotropy than the island shape pro-
duced by annealing. '

The sequence of annealing experiments for
Ge/GaAs(110) demonstrates that a fiat surface is pre-
ferred thermodynamically over a surface derived from
many different layers. Moreover, the change toward the
smooth surface upon annealing seems to be much faster
than the change from isotropic islands to elongated is-
lands. This slow change from isotropic to anisotropic is-
lands does not suggest that the energy difference between
the two island edges is small, but rather is a result of the
thermodynamic nature of the islands. To show this, we
model a Ge island by a parallelopiped so that the free en-
ergy is

E=a„a„cr,+2h (a„cr„+a~o~)
=o, V/h +2h (a„a„+a~o'~),

where a, a, and h are the dimensions of the island, inset
of Fig. 9(a), and o „ando~ are the free energies associat-
ed with the faces of the island. o

&
is equal to ~o+o.; —o.,

where o.o and o., are the surface free energies for the
overlayer and the substrate and o, is the interfacial free
energy.

Figure 9(a) plots the E as a function of island height h

for situations in which a smooth surface is preferred, i.e.,
o. , &0. For simplicity, we have assumed o o'y 2o'],
a„=a„,and the cluster volume V =8 X 10 A . As
shown, the free energy of the island decreases rapidly as
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the island height decreases, reaching a minimum in the
limit of this continuous model when the island thickness
is a single layer. Each monolayer reduction between six
and one layers corresponds to a decrease in free energy
by more than a factor of 2, representing a large driving
force to reduce the island height. In addition, it is clear
from the slope of the curve that this driving force in-
creases as the system approaches the lowest-energy
configuration, i.e., the single layer height. Accordingly,
the reduction of island height should be a very fast pro-
cess, as observed.

Equation (1) can also be used to address the issue of is-
land anisotropy. To emphasize the lateral change of the
island, we assume a constant height h so that a /a is a
measure of the anisotropy. The first term on the right of
Eq. (1) is then a constant that can be neglected. Figure
9(b) shows the free energy E as a function of a„/a for
o /o„=2 and 4. The minima in Fig. 9(c) occur when

a„/a =2 and 4. The change from isotropic islands
(a /a~=1) to the minimum energy configurations in-

volves an energy reduction of only 7% for (a„/a );„=2
and 24% for (a„/a };„=4.The driving force toward
the equilibrium configurations is then much smaller than
that of reducing island height. From the changes in
slopes of these curves, it is also clear that the driving
forces decrease as the system approaches the minimum
energy configuration. Therefore, from a thermodynamic
point of view, the evolution of the island shape toward its
equilibrium configuration is expected to be a slower pro-
cess than the reduction of island height. In reality, kinet-
ics also favor height changes over shape changes since
atoms in the top layer need only to move short distances
to fall to the next layer while the diffusion distances re-
quired to change from isotropic to anisotropic shapes are
much larger.

Surface reconstruction and As segregation

0 ' 5

0 ~ 0

LLI

O
0 5

I

~ I ~ I ~ I ~ I ~ I I I ~

(a)

~ ~ II
~ ~

' Yh
Oy

w m m w

~ axr By
Bx

Figures 10(a) and 10(b) are closeup images (300X300
A ) that show the surface after slow and fast deposition
of 20-ML Ge on GaAs(110} at 420'C. Despite differences
in roughness and island shapes, the two surfaces have the
same atomic structure. In these images where the filled
states are probed, there is ordering that consists of alter-
nating lines of continuous chains and lines of dots along
I110]. The nearest distance between linear chains is —17
A, three times the unreconstructed unit-cell dimension of
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FIG. 9. (a) Plot of calculated energy change as a function of
island height for o. , (0 showing that the system energy de-

creases rapidly as the island height decreases. The inset defines

the island shape used in the calculation. (b) The plot of energy
vs the ratio a /a for o l )0 showing that the change from iso-

tropic islands, a /a = 1, to anisotropic islands is a slow process
despite large energy differences between o. and o. . The slow-
ness in changing the shape anisotropy is consistent with the evo-
lution of Ge islands upon annealing.

FIG. 10. (a)—(d) 300 X 300 A STM images of 20 ML
Ge/GaAs(110) showing atomic structures of the surface follow-

ing (a) deposition at 420'C at a rate of 0.9 ML/min; (b) deposi-
tion at 420 C at a rate of 10 ML/min; (c) annealing of (b) at
420'C for 60 min; and (d) additional annealing at 525 C for 60
min. From these images it is clear that the building blocks for
the surface structures are continuous linear chains and dotted
lines, both along [110]. In addition, the [110]island shapes are

always terminated with dotted lines.
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Ge(110) in [001], 5.6 A. This spacing is consistent with

the observation of a "1X3" LEED pattern. Another
interesting feature in both Figs. 10(a) and 10(b) is that the
island edges are always terminated by dotted line struc-
tures. The separation between two dots along [110]is 8

A, on average, twice the unreconstructed unit-cell dimen-
sion. The observed spacing suggests the formation of
dimer-type structure so that the true surface reconstruc-
tion is 2X3 instead of 1X3. Only very weak and diffuse
intensities appeared at half-order spot positions in our
LEED pattern, probably because those dimers lacked
long-range order.

Figure 10(c) was obtained following annealing of the
surface in Fig. 10(b) at the growth temperature of 420'C
for 60 min. Significantly, the surface reconstruction
remained the same despite the dramatic change in the
surface roughness and island size.

Previous Auger and photoemission studies of
Ge/GaAs(110) have shown the persistence of a strong As
signal while the Ga signal became barely detectable by 20
ML deposition. These results demonstrate preferential
As surface segregation. For thick Ge films grown at
395'C, the amount of As on the Ge surface has been es-
timated to be 0.65+0.25 ML and the amount has been
shown to increase with increasing growth temperature. '

We then infer that the surface structure shown in Fig. 10
involves As atoms on the Ge(110) surface with a recon-
struction that depends on the amount of As present.

To establish a correlation between the As surface con-
centration and the surface features observed in STM, we
annealed the 20-ML Ge film at 585'C for 60 min. This
resulted in a 2 X 5 LEED pattern instead of the 2 X 3 pat-
tern for the as-grown surface at 420'C. The STM image
of Fig. 10(d) shows that the building blocks for the 2X5
structure are the same as 2 X 3, consisting of linear chains
and dotted lines. The difference is that the reconstructed
unit cell in [001] consists of two linear chains and one
dotted line for 2 X 5. The increase in the number of linear
chains coincides with an increased amount of segregated
As on the surface upon annealing to high tempera-
ture. ' ' We conclude that the linear chains are richer in
As than the dotted lines.

Figure 11(a) shows dual-image STM results that probe
the occupied and unoccupied densities of states simul-
taneously. The points labeled A and 8 identify identical
locations in the two images. The linear chains appear as
bright protrusions in the occupied state image and as
dark depressions in the unoccupied state image while the
dotted lines appear as protrusions in both images. Mea-
surements of surface heights in the occupied image show
no significant difference between linear chains and dotted
lines, suggesting that both are As-related features.

Figure 11(b) is a schematic of the surface structure that
we propose, where the linear chains arise from the zig-
zag arrangement of As atoms and the dotted lines corre-
spond to dimerized As adsorption on Ge surface atoms.
Each As atom in the As zigzag chains is bonded to two
neighboring As atoms and back-bonded to a Ge atom. In
this configuration, an As atom contributes one electron
each to the As-As and As-Ge bonds. Since an As atom
has five valence electrons, the As dangling bond in this

f.:'(III' -1PP+$."':I-eI'I g ~"
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FIG. 11. (a) Dual-bias image of the 3X2 surface for 20 ML
Ge/GaAs(110) after annealing at 420'C for 60 min showing that
the linear chains appear as bright protrusions in the occupied
state image and dark depressions in the unoccupied state image.
The dotted lines have the same appearance in both images. (b)
Proposed structure for the 3 X2 surface, consisting of zigzag ar-
rangements of As and As dimer rows on the Ge(110) surface.

structure would have two electrons and the dangling
bond state would be filled. ' This is consistent with the
STM observation that the long linear chains appear as
bright features in the filled state image and dark features
in the empty state image [Fig. 11(a)]. The observation of
a 2X3 LEED pattern and the fact that these linear
chains are three lattice spacings apart demonstrate that it
is not favorable for the As zigzag chains to be next to one
another.

The dotted line structure in the filled state image has a
similar appearance in the empty state image (although
not as well resolved). While we cannot rule out the possi-
bility that such a feature is due to Ge, this would be un-

likely since it is difficult for Ge atoms in the zigzag chain
to form dimers. To understand the dotted structure, we
first examine the situation at [110] step edges (Fig. 10)
where each Ge atom has one dangling bond. Saturation
of these dangling bonds with As atoms allows the As
atoms to reduce the number of their dangling bonds, thus
lowering the surface energy, by forming dimers between
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neighboring As atoms. As the dangling bond state of
these dimers is neither completely filled nor completely
empty, they should appear as dotted lines in both filled
and empty images, as experimentally observed. It is evi-
dent from the STM images in Fig. 10 that the dotted lines
at [110]step edges have identical appearance to the dot-
ted lines in the terraces. It is then reasonable to assume
that the same structure is responsible for the observed
dotted lines in the terraces. As shown in Fig. 11(b), such
dimer structures involve As atoms preferentially ad-
sorbed at one type of Ge atom in the Ge zigzag chain.
Such preferential sites can arise if the Ge zigzag chains
undergo relaxation similar to GaAs(110), as suggested by
Chadi's theoretical calculation. In such a case, the As
atoms would prefer Ge atoms that are pushed down in
position as the dangling bond state for such Ge atoms is

empty. Such a dimer structure can be easily converted
into an As zigzag chain if the amount of As increases, as
is the case when the surface is annealed to 585'C and the
neighboring row of Ge sites (the other type) become oc-
cupied by the As atoms. Since the zigzag chains are rich-
er in As than the dimer chains, the increased amount of
As is accommodated by converting dimer chains to zig-
zag chains. This is consistent with the observation of an
increase in the linear chains relative to the dotted chains
following annealing to high temperature. Finally, we
note from Figs. 10(c) and 10(d) that the transformation
from 2X3 to 2X5 requires a coherent rearrangement of
linear chains and dotted lines. This indicates that the
change of reconstruction involves reminimization of the
surface energy as the As concentration increases.

SUMMARY

We have shown that Ge films grow following initial nu-
cleation through static coalescence at 420 'C. The
growth in this coverage range, 1—10 ML, proceeds pri-
marily in the lateral dimension with little change in Ge
island height. We have demonstrated that the Ge islands
remain solid during coalescence. Coalescence was found
to proceed preferentially along step edges because of the
high density of initial nucleated Ge islands at step

edges. ' Such coalescence is a slow process, the isotropic
equilibrium island shape was not obtained during growth
and coalescence resulted in a networklike structure. The
GaAs surface was covered after —10 ML deposition.
This type of growth mode establishes a minimum thick-
ness of —10 ML for Ge layers, should Ge-GaAs superlat-
tices be grown at 420 C.

Deposition beyond 10 ML results in a change in the
growth mode to layer by layer as the growth system now
is eff'ectively Ge on Ge(110) with segregated As atoms
released from the GaAs substrate. Investigations of the
effects of kinetics revealed a correlation between the sur-
face roughness and island shape anisotropy. Smooth sur-
faces with anisotropic islands were obtained by slow
deposition at high temperature (420'C) and rough sur-
faces with isotropic islands were obtained either by fast
deposition at high temperature or slow deposition at low
temperature (350'C). The observed growth morphologies
were explained in the context of anisotropic kinetics and
the suppression of such anisotropies by the growth condi-
tion. Annealing of the as-grown rough surface demon-
strated that smooth surfaces (or layer-by-layer growth)
with elongated two-dimensional (2D) islands were ther
modynamically preferred. We also showed that the driv-

ing force to reduce the island height is much larger than
that to drive islands to elongated shapes.

For 20-ML coverage or higher, we identified that the
building blocks of the surface reconstructions were con-
tinuous linear chains and dotted lines, both along [110].
Different combinations of these two building blocks easily
generate the different reconstructions, such as 2 X 3, 2 X 5,
that have been observed in our LEED studies and in pre-
vious experiments. ' We found that the [110] step
edges were terminated with dotted line structure. Based
on these observations and dual-bias STM images, we as-
sociated the dotted lines with As dimers and continuous
dimers with As zigzag chains.
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